We present a diabatic approach to the dynamics of electronically adiabatic chemical reactions. A method is proposed for constructing diabatic surfaces from a single adiabatic potential surface. By using diabatic surfaces we can choose natural coordinate systems for both the reactant and product arrangements. The diabatic approach can be easily adapted to exact quantum mechanical calculations based on variational scattering formulations. The square integrable basis functions are obtained by diagonalizing the total Hamiltonian matrix which is constructed from the separate eigenfunctions on the reactant and product diabatic surfaces. Applications to one-dimensional barrier problems and the collinear H+H ,-+H,+H reaction demonstrate the feasibility of the diabatic approach. At low total energies, reaction probabilities for adiabatic reactions can be reproduced by the present method. Moderately accurate results can be obtained at high total energies for the collinear H+H ,-+Hz+H reaction, which may be improved by the optimal construction of diabatic surfaces.
I. INTRODUCTION
The understanding of elementary chemical reactions is an important subject in chemistry. Recent experimental progress has made it possible to study detailed state-to-state dynamics of gas phase chemical reactions. There has also been a lot of effort devoted to developing exact quantum mechanical reactive scattering theory for real chemical reactions.1-4 Recent advances in accurate quantum mechanical calculations on simple few atom systems have demonstrated the possibility of obtaining detailed information concerning chemical reactions from. first principles.5-'3 Yet extension to polyatomic systems still appears to be extremely difficult, and one may need to introduce new conceptual and computational approaches to the quantum reactive process.
"Reactive" scattering is intrinsically more complicated than elastic or inelastic scattering because one set of Goordinates does not describe both the reactants and the products of a chemical reaction conveniently. Different formulations of reactive scattering has dealt with this coordinate problem differently. In order to describe the reactive scattering completely, one may use simultaneously all convenient sets of coordinates for various chemical arrangements involved in reaction, or introduce a rather complicated coordinate system, such as hyperspherical coordinates, which can describe different arrangements at once.
In the past few years, variational methods based on the simultaneous use of convenient coordinates (e.g., massscaled Jacobi coordinates) in all the arrangements have been successfully applied to quantum scattering problems of reactive collisions. Three variational principles (the Kohn, Schwinger, and Newton variational principles) are used to obtain scattering information. 14*15 The success of these variational approaches has been demonstrated by recent developments such as S-matrix Kohn method of Zhang, Chu, and *'Present address: Department of Chemistry, University of California, Santa Barbara, California 93 106.
Miller,',' the log-derivative Kohn method of Manolopoulos, D'Mello, and Wyatt,io7" and the L2-amplitude density generalized Newton variational principle method of Schwenke, Kouri, and Truhlar.'2713 These methods involve basis set techniques, in which the wave function is expanded in a set of square-integrable basis functions in the interaction region. The implementation of the variational scattering formulations consists of two major parts, evaluation of matrix elements of the Hamiltonian including multidimensional exchange integrals between basis functions in different arrangements, and the solution of a large set of algebraic equations at each energy, usually by a matrix inversion. It is, therefore, advantageous to have a set of eigenfunctions of the Hamiltonian in the interaction region as a basis set, which simplifies the evaluation of the Green's function, especially for many energies.i6~t7 Quasiadiabatic or diabatic descriptions of electronically adiabatic chemical reactions have been introduced before. '8-22 In these studies the possibility of witching off the reactive part of the Hamiltonian, solving separate nonreactive collision problems (reactantlike and productlike), and then obtaining the reactive transition matrix elements was pursued. In particular, for an adiabatic reaction the reaction probability was evaluated in terms of transition between the two surfaces. The transition matrix was calculated by Franck-Condon-type approximations. In another approach, quantum mechanical perturbation theory was used to obtain reaction cross sections from diabatic solutions.
In the present paper we consider the diabatic approach to the dynamics of chemical reactions. We combine diabatic representations for reactants and products with variational formulations of quantum reactive scattering to produce accurate scattering information about an adiabatic chemical reaction. In Sec. II, the main theoretical framework of the diabatic approach is given, which is explained in more detail for a model one-dimensional case in Sec. III. Section IV is devoted to the discussion of adiabatic-diabatic transformations and nonadiabatic corrections. Application of the method to a collinear reaction is given in Sec. V. The difference between adiabatic and diabatic representations, the optimal construction of diabatic surfaces, and possible applications of the method to more general chemical reactions are discussed in These functions will be orthogonal, independent of the nuclear wave functions. Thus for an expansion of the total wave function of the form Sec. VI.
An intrinsic difficulty in quantum scattering theory of ~(Q,q,)=~R(Q)~R(a,)+~p(Q)~Piqe), (3) II. DIABATIC FORMALISM "reactive" collisions is the problem of different "natural" coordinates for reactants and products. No "ideal" solution exists. We approach the problem in this paper by noting that the adiabatic electronic surface leading from reactants to products can be treated as the lower adiabatic potential energy surface of a pair of diabatic surfaces formed by a linear combination of the diabatic electronic energy surfaces for reactants and products. Whether or not-one knows the "true" diabatic surfaces, one can generate a diabatic representation of the two electronic surfaces with a coupling interaction at each coordinate point which produces exactly the lower adiabatic surface desired upon diagonalization at each coordinate point. We call this the "primitive" diabatic representation.
there is no overlap integral between two terms even though they span overlapping ranges of the nuclear coordinates. Therefore, we can use separate coordinates and basis representations (DVR's) for the two terms, and the Hamiltonian matrix after formal integration over the electronic coordinates will look like We note that reasonable functional forms of the diabatic surfaces and the coupling interactions are quite easy to Here e(Q) is the coordinate dependent mixing angle. Let S(Q) = 0 be a dividing surface between reactants-and products, h(Q) be a switching function going smoothly from 0 for reactants to 1 for products, and being 0.5 on the dividing surface. Then we can let sin" 8(Q) = h(Q) define the linear combination of diabatic reactant and pro~duct electronic states which produces the lower adiabatic surface. Since at each coordinate point we know the true lower adiabatic surface, V,(Q), and the mixing angle sin 0(Q), we' need only one more relation at every point to define the diabatic surfaces and the couphng interaction. One simple algorithm is to let (5b) and ?N is the nuclear kinetic energy operator. We label the assumptions in Eqs. (3) and (4) the "primitive" diabatic model which is tested below and improved upon in Sec. IV. The Hamiltonians for the reactant and product surfaces can each be expressed in the appropriate coordinates, evaluated very simply in DVR's appropriate to each arrangement, and diagonalized by standard techniques.26-'8 Note that both the matrices H, and HP will be real and sparse in the DVR, and the overlap matrices will be unity for the separate orthogonal bases and zero for the reactant-product overlap. After diagonalizing HR and HP separately, the diabatic coupling terms due to V,, can be represented in the truncated basis of eigenvectors for reactants and products, and the resulting coupled total Hamiltonian matrix can be diagonalized. This procedure gives a set of square integrable (L2) basis functions which will then be used in various quantum reactive scattering formalisms. Although the evaluation of the matrix elements of the coupling interaction V,, will require the integral between different coordinates, it must be done once, not at every scattering energy. where ED is a constant energy, perhaps the dissociation energy. Assuming we have the two diabatic surfaces, one of which goes to the proper asymptotic surface for reactants, and the other for products, we can then use the coordinates for each surface which will be appropriate for the corresponding asymptotic channel. Since the two electronic states are orthogonal to each other, we may expand the total wave function in terms of orthonormal nuclear wave functions on each surface times the appropriate electronic wave functions, Let x0 define the range of strong interaction region ( --xO<x<xO). Then we introduce a DVR basis with equally spaced points (x:} ( ti = 1,2, I.. ,Ns) for me reactant surface in the range of --x,<x<xa and {xi} (/I= 1,2,...,iVp) for the product surface for -.Q<x<x,, where -xL and xL are in the asymptotic regions for the reactant and the product arrangements, respectively. The separate diagonalizations of the Hamiltonian matrices for the reactant and the product surfaces with the corresponding diabatic potentials give a set of eigenvectors for each surface. We truncate the eigenvector basis of the two surfaces to construct the coupled total Hamiltonian matrix as in the successive diagonalizationftruncation method.26-?8 The truncation is done by retaining the eigenvectors for eigenvalues which satisfy an energy cutoff criterion, p,sp,,, +Ge;,.
The resulting sets of eigenvectors are btezh m=1,2;...,n,(GN,), (104
In order to construct coupled total Hamiltonian matrix, we need to evaluate the matrix elements for the coupling interaction between eigenvectors of the reactant and the product surfaces wRPL=b14wRPI&>.
Since @m and & use different DVR bases, the evaluation of the overlap integral is not simple. In the Appendix. we have proposed a scheme for calculating the overlap integral. The total Hamiltonian matrix, in the truncated basis for the reactant and the product surfaces, is of the form Then the resulting diabatic potentials for the reactants and products, and the coupling interaction are given by where es and ep are the diagonal matrices of 8, and E:. Note that the order of the matrix is N=n,+np. , , The diagonalization of the total Hamiltonian matrix gives the desired L2 eigenvector basis used in scattering calculations. The basis functions (including electronic part) are where Clj=(CJli are the elements of the eigenvectors of the total Hamiltonian matrix.
We have used S-matrix version of the Kohn variational principle to calculate the S-matrix elements' and to calculate the transmission coefficient for the 1D barrier. responds to a model potential for the collinear H+H, collision. The same parameters are used for the symmetric double maximum potential [Eq. (6b) ]. The results for the Eckart barrier are compared with the analytical results, and those for the symmetric double maximum potential with numerical results using the lower adiabatic surface alone.
We have three parameters for the two surface diabatic formulation; Q and ED for the decomposition of the potentials and x0 for the range of the strong interaction region. We will look at the behavior of the results when we change these parameters. In general, if x0 is too small (x,<2) we have poor results, and for x93 the results are insensitive to the change in x0 (note that the range of the Eckart potential itself is about -3(x(3). For 2=GxoG3? we have a weak dependence of the results on x0. The transmission coefficients have rather weak dependence on ED. Large ED would be considered as preferable on the ground that we want to have the upper adiabatic surface well above the scattering energy. The calculations of the transmission coefficients show a strong dependence on cy (Fig. 2) . It was found that smaller o! ( CY-1 .Oa) gives better results compared to the exact results for the lower adiabatic surface alone.
We note, however, that the best results we can get from the primitive two surface approach still show substantial differences from the analytical results for the Eckart barrier. The transmission coefficients obtained from the two surface approach are shifted toward higher energy. This means that the introduction of the two diabatic surfaces effectiveiy raises the potential barrier for the scattering process.
The results from the two surface calculations on the symmetric double maximum potential show similar behavior (Fig. 3) . In the next section we refine the diabatic approach to include appropriate nonadiabatic terms which largely corrects these errors.
IV. THE ADIABATIC-DIABATIC TRANSFORMATION AND NONADIABATIC CORRECTIONS (REFS.
23-25)
We now look more carefully at the relations between electronic states and nuclear motion. The adiabatic representation can be defined by expanding the total wave function as follows:
~(Q,qe)=xl(Q,4,)Jl,(Q>+xz(Q,4e)~z(Q)~ (14) where ,yi( Q,q,> are the electronic wave functions and $&Q> are the nuclear wave functions, and we now recognize the implicit dependence of the electronic wavefunctions on the nuclear coordinates. The total Hamiltonian is written as When we neglect the electronic nonadiabatic coupling terms, the equation for the uncoupled adiabatic representation reads in matrix notation as "
09)
where W is a diagonal matrix of the adiabatic potentials and @I= ( $r, &)'.~The lower energy surface defines the adiabatic equations which we wish to solve in the diabatic representation. The diabatic representations are not unique but are obtained by using different electronic wave functions, ~'(Q.qe)=51(Qo,qe)cpt(Qj+52(Qo,q,)cPz (Qj, (20) where Q. is a fixed nuclear configuration. The equations satisfied by the nuclear wave functions are given in matrix form as
where vij(Q)=(~i(qz)IHetI5j(qe))p; ~~' 122) Note that the diabatic potential matrix V is not diagonal. The two different electronic bases can be related by a transformation matrix 5~'"(q,)=A(Q)xad(Q,qc), (23) leading to the following relationships for the nuclear wave functions and the potential matrices:
wad= AtVdiaA (25) Thus the diabatic representation of Eq. (20) leads to a "coupled" adiabatic representation. In order to find a diabatic representation corresponding to the desired "uncoupled" adiabatic representation we need to eliminate the coupling terms in Eq. (28). As a first approximation, the second term on the right-hand side of Eq. (28) can be eliminated by cancelling it with an effective potential matrix in the original diabatic representation such as Ai i2
The first term in Eq. (29) is an off-diagonal, non-Hermitian term which we neglect. The diagonal nonadiabatic correction terms can be considered as effective potentials added to the diagonal elements of the diabatic potential matrix,
where v,~=(~~~/~,u)(VLY)~. A more exact expression for the diabatic representation equivalent to the uncoupled adiabatic representation includes both the first derivative of the nuclear wave function term and the effective potential term in the diabatic equations. 
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Since the above equations are complicated by the presence of the first derivative terms, we do not use them in the present study, but rather use only the effective potential corrections of Eq. (30); after all, the purpose of the approach is to simplify the calculations. In this formulation, the coupling term can be written in terms of the derivatives of the switching function used in constructing diabatic surfaces. In order to find the same result as for the lower "uncoupled" adiabatic surface alone, we may construct diabatic surfaces with smaller coupling terms or include the nonadiabatic correction terms of Eq. (30). Both corrections are implemented and compared below.
We first consider modification of the switching function alone. The switching function given in Eq. (7) has its first derivative largest around the barrier region. Since the nonadiabatic coupling term involves the first derivative of the switching function, we may reduce its magnitude by reducing the slope of the switching function (governed by the parameter cu). The fact that smaller (Y shows less deviation from the adiabatic results (see Figs. 2 and 3) is consistent with this idea. However, the parameter cz cannot be too small, because very small a makes the range of the coupling potential undesirably large. We can improve the situation by introducing a coordinate dependent a(x) such as
Note that n%, determines the overall range of the coupling potential region while y determines the range of the slowing down region around the barrier. The transmission coefficients for the Eckart barrier calculated using the above switching function in the primitive two surface diabatic approach are shown in Fig. 4(a) . The results are greatly improved with deviations from the adiabatic results now very small. Similar improvements are shown for the symmetric double maximum potential [ Fig. 4(b) ]. Alternatively, as shown above, we can calculate the nonadiabatic correction terms using the simpler switching functions. As a first approximation, we have the correction terms as diagonal effective potentials added to the diabatic potentials. In effect, the diabatic potential surfaces are lowered by (fi'/2,~)[ @ '(x) The results discussed so far have been obtained by using Eq. (2a)~for the upper adiabatic surface. In order to study the effect of the form of the upper adiabatic surface we have done calculations using a constant upper potential as in Eq. (2b). It is found that the two different choices for the upper adiabatic surfaces give the same result unless the upper surface is too close to the lower surface (E,< 1 .O).
V. COLLINEAR H+H, REACTION
We now turn to a somewhat more realistic and intuitive test for the diabatic approach to adiabatic reactions, collinear reactive scattering. We use the collinear HS H, reaction with LSTH potential energy surface.
A. Construction of diabatic potential surfaces
For the collinear reaction, we use mass weighted Jacobi coordinates, (R,r). The LSTH potential for H+H,+H,+H collinear reaction is shown in Fig. 6(a) . We define a dividing surface (dividing line for the 2D collinear case) by the equation S(R,r) = 0. The simplest choice is a straight line through saddle point S(R,r)=r-tcR,
where K= r,lR, with (R, , r,) the coordinate of the saddle point.
For the 2D switching function h( R,r), we can use a 1D switching function perpendicular to the dividing line and a constant parallel to it. Let p be the perpendicular distance from the dividing line, defined such that p<O for the reactant side and p=O on the dividing line r---R P'y7irT
Then the switching function can be defined as To construct diabatic surfaces, we assume an upper adiabatic surface of the form V&,r)=&, for V,(R,;)GC, = V&b-), for VL(R,r)>ED.
Diabatic potentials for the reactant and the product surfaces and the coupling potential are given by Eqs. (la)-(lc). 
Results
We have two sets of mass weighted Jacobi coordinates appropriate to the reactant, (R, , ra), and the product, (R, ,I-,), surfaces respectively. We introduce direct product (Chebychev) DVR bases for these coordinates {R~}@{r~} for the reactant surface and {R$} @{rf,} for the product surface. The Hamiltonian matrices for the reactant and the product diabatic surfaces are diagonalized separately by standard methods to give a set of eigenvectors for each surface. The matrix elements for the coupling potential (V,,) between truncated eigenvectors of the reactant and the product surfaces are evaluated as in the 1D case (see aIso Appendix). The resulting total Hamiltonian matrix is diagonalized to .
give an efficient L2 basis for the problem. The S-matrix is calculated by using the Kohn variational principle.
We have calculated the reactive transition 'probabilities P(udu') for the collinear H+H,-+H,-tH reaction where% and u ' are the initial and final vibrational states. We compare the results from the two surface diabatic approach with those using the lower adiabatic surface alone. The single adiabatic surface calculation was done using hyperspherical coordinates and the Kohn variational method.17 Figure 7 shows P(O--+O) for the two approaches. As in the 1D problem, the transition probabilities are very similar but have shifted energies for the primitive diabatic approach. When we include the diagonal nonadiabatic corrections for the diabatic potentials (see Sec. IV), the two surface diabatic results are much closer to the adiabatic results, particularly in the threshold region. However, this simple nonadiabatic correction does not fully correct the diabatic results to the adiabatic results at higher energies.
When we use a modified switching function as in Eq. (33), the difference between the double surface diabatic approach and the single adiabatic surface approach is found to be rather small (Fig. 8) . The results are somewhat sensitive to the parameter y, which determines'the range of the slowly varying switching function around the dividing surface, and the shape of the energy dependence of the probability tends to be slightly distorted for y too small. The switching function used above depends only on the normal distance from the dividing line. This 1D character of the switching function results in a rather broad coupling potential extending well into the asymptotic region. We prefer to restrict the coupling potential to the interaction region around saddle point. This can be. done by making the curvature parameter (Y dependent on the distance from-the saddle point along the dividing line. This 2D switching function js &fined as _y ._ -:: 
where s = (R + m-)l.dm and SO corresponds' to the saddle point, In both forms, a(s) has minimum at the saddle point and increases -as the distance from the saddle point increases. The potentials for the 2D switching function (i) are shown in Figs. 9(a)-9(d) . The transition probability calculated using the 2D switching function is very close to the adiabatic result (Fig. 10) . The two forms of (Y(S) give similar results. The differences in transition probabilities which persist at higher energies are probably due to the "true" nondiagonal nonadiabatic coupling.
.'.' ~1
Vi. CONCLUDING REMARKS
In this paper we demonstrated the possibility of using a diabatic approach to the dynamics of electronically adiabatic reactions.. A method has been proposed for constructing "reasonable" diabatic surfaces from a single adiabatic potential surface. Using the diabatic surfaces allows us to choose "natural" coordinate systems for both the reactant and.producf arrangements., thus simplifying .the treatment of the asymptotic regions. The diabatic approach can be easily adapted to variational scattering formulations. The square integrable bases needed in the scattering calculation are obtamed by diagonalizing total Hamiltonian using'DVR's and standard techniques developed by Light and co-workers."6-28 The overlap integral between different arrangements is needed only for the coupling potential which can have a relatively small range.
The present study is different from the other studies of quasiadiabatic or diabatic descriptions of adiabatic chemical reactions-in that we provide the first exact quantum me&&i-cal calculations of the diabatic description and examine the effects of changing the diabatic surfaces. It-earlier studies, the quasiadiabatic description was used as the basis for Franck-Condon approximations for reaction dynamics. '8-20 These applications to the collinear AB +C+A+BC reactions showed that the relative internal state distributions are accurately reproduced and are fairly insensitive to the choice of diabatic surfaces. However, the absolute reaction-probabili- ties were very sensitive to the choice. No systematic attempts were made to choose the quasiadiabatic surfaces so as to maximize the effectiveness of the Franck-Condon model.
More recent work by Eno et al. explored the application of quantum mechanical perturbation theory to the determination of reactive transition probabilities based on a quasiadibatic t:QA) description of the dynamics.21,22 The quasiadibatic (QA) curves were constructed in a similar fashion to ours, but they only considered 1D model problems at energies below the barrier height. The QA results were highly sensitive to the variation of the QA potential parameters, and may reflect the perturbation scheme used to evaluate the reaction probabilities. In this paper accurate numerical applications to 1D model problems and collinear H+H,+H,+H reaction show the feasibility of the diabatic approach to give accurate adiabatic surface reaction probabilities. In both cases, the probabilities from the primitive diabatic method have the same general shape as those for the single adiabatic surface, but at shifted energies. This shift can be largely corrected by adding effective potentials to the diabatic potentials due to diagonal nonadiabatic correction terms. These are determined from the transformation between the adiabatic and diabatic representations. When the total energy is near the threshold region (about the barrier height), the diabatic results with the nonadiabatic correction can reproduce the adiabatic results essentially exactly. For higher total energies, as shown in the collinear reaction, the differences between diabatic and adiabatic results are made small but are not fully resolved by the diagonal nonadiabatic correction terms, presumably due to the neglected off-diagonal nonadiabatic correction terms. Some of these terms [Eq. . (38)] allows us to have a small coupling region and to reproduce adiabatic results quitecloseljz One interesting feature of 2D switching function defined in Eq. (38) is that the coupling potential V,, is rather flat and stretched around the saddle point, while the coupling potential from the original switching function has a peak at the saddle point [compare Fig. 9(d) ' with Fig. 6(d) ]. Sensitivity analysis of the reaction probability has been used to determine that the relative importance of different regions of the potential depends on the total energy of the system.30 Usually, a higher total energy such as the first resonance region around E-O. 89 eV has a broader region of the potential contributing to the dynamics than the lower threshold region. Perhaps an optimal choice of-the diabatic surfaces for higher total energies should%be able to describe a rather broad region of the potential'surface correctly.
The results above also suggest mat 'a single adiabatic surface description of a real chemical reaction may be insufficient whenever there are other adiabatic surfaces nearby. The present diabatic formulation can be easily applied to "real" nonadiabatic reactions in which actual lowerand up' per adiabatic surfaces-am-known. Even when the accurate coupling potential is not available in that case, the switching function defined in this paper can be used to study the relative irirportance of the strength'of the coupling between adiabatic surfaces on the dynamics of a reaction.
,I The present study has showed that the diabatic formalism provides a reasonable' alternative description of reactive scattering processes. The diabatic approach allows one to describe the reactant -and product asymptotic regions simple and correctly. At low total energies, the state to state reaction probabilities for adiabatic reactions can be reproduced very accurately by the relatively simple diabatic approach presented in this paper. These results are relatively insensitive to the choice of diabatic surfaces. At higher energies, the deviations of the diabatic results from the adiabatic ones are still relatively small. Further studies are needed if one wants to solve the diabatic representation which is formally equivalent to the adiabatic representation (Sec. IV).
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